1. Introduction
===============

Exercise, an important treatment component of type 2 diabetes (T2DM), improves insulin sensitivity, glycemic control, and contributes to long-term prevention of cardiovascular disease and improved psychological well-being.^\[[@R1]--[@R5]\]^ Participation in exercise training is safe for most patients, and its health benefits usually outweigh associated risks including hypoglycemia.^\[[@R6]\]^

Exercise stimulates metabolism, promotes glucose uptake, increases insulin sensitivity, and contributes to a blood glucose reduction.^\[[@R7]\]^ As a result of these effects, long-term exercise training can reduce blood glucose levels over time in T2DM patients.^\[[@R4],[@R7],[@R8]\]^ However, specific exercise protocols characterized by moderate-to-high intensity might result in episodes of hypoglycemia.^\[[@R9]\]^ This is most likely to occur in those treated with insulin and/or agents, such as sulfonylureas and glinides, which increase insulin release from pancreas beta cells.^\[[@R7],[@R9],[@R10]\]^ As a result, exercise can potentially decrease blood glucose, albeit uncommonly, to hypoglycemic levels. Although the likelihood is uncommon,^\[[@R9]\]^ it can be fatal^\[[@R11]\]^ and as such, affect an individual\'s willingness to participate in moderate-to-high intensity exercise training.^\[[@R12],[@R13]\]^ To date, there appears to be little in the literature regarding the impact of moderate-high intensity exercise on blood glucose patterns in patients with T2DM.^\[[@R4]\]^ Therefore, we aimed explore trends in blood glucose levels in response to a 12-week, moderate-intensity exercise training in patients with T2DM.

In patients with T2DM, a variety of factors can influence blood glucose levels. These include exercise (mode, time, duration, frequency, and intensity), dietary patterns, and individuals' clinical characteristics, for example, age, gender, maximum oxygen uptake (VO~2max~), baseline metabolic control, duration of diagnosed T2DM.^\[[@R7],[@R14]--[@R16]\]^ Way and colleagues found that regardless of exercise intensity, the effect of exercise on insulin sensitivity persisted for 2 to 3 days.^\[[@R17]\]^ Duration of exercise may also be a crucial factor contributing to the improvement in insulin sensitivity.^\[[@R18]\]^ In another study, regular, moderate-high intensity exercise training for at least 12 weeks resulted in greater metabolic improvement compared to lower-intensity exercise.^\[[@R19]\]^ Therefore, to investigate predictors of exercise-induced blood glucose response without adjustment for the potential covariates might have bias. In addition, there is no evidence regarding predictors of blood glucose response to a 12-week moderate-intensity exercise training, especially when the potential covariates are controlled. We conducted a prospective longitudinal design study to explore predictors of blood glucose response to a 12-week moderate-intensity exercise training after adjustment for potential covariates, such as clinical characteristics, exercise characteristics, and metabolic control.

Medication use is a major clinical factor that directly and indirectly regulates blood glucose levels. Exogenous forms of insulin and agents that stimulate insulin secretion in a glucose-independent manner (e.g., sulfonylureas and glinides) increase the propensity for hypoglycemia during moderate-to-vigorous intensity exercise.^\[[@R9]\]^ An understanding of blood glucose response to moderate-to-vigorous exercise is essential for minimizing the potential hypoglycemia in T2DM patients treated with antidiabetic medications. Because of this gap, we enrolled T2DM patients on antidiabetic medication treatment to explore the patterns of exercise-induced blood glucose response and to examine the effects of antidiabetic medication on this response. Further, little is known about the glucose response to exercise under adjustment for other covariates, such as baseline hemoglobin A1c (HgbA1c), antidiabetic medication, and diabetes duration. Therefore, this study aimed to investigate the association between antidiabetic medication and exercise-induced blood glucose response to a 12-week moderate-intensity exercise training after controlling for potential clinical confounders (i.e., HgbA1c, diabetes duration).

Due to the known circadian variation in glucose-regulating hormones (e.g., cortisol) and subsequent glucose levels,^\[[@R20]\]^ it is important to examine the impact of time when exercise is performed. However, time of exercise is often not considered when exercise interventions for T2DM patients are tested.^\[[@R21]\]^ In the current study, we sought to describe blood glucose response in patients randomized to 3 different times of moderate-intensity exercise periods (morning, afternoon, or evening) for 12 weeks. Specifically, we evaluated the trends in blood glucose levels (i.e., before-exercise blood glucose \[BEBG\], post-exercise blood glucose \[PEBG\], and exercise-induced blood glucose response \[EIGR\]) in response to a 12-week exercise training in T2DM patients. In addition, we explored predictors of PEBG and EIGR after adjusting for potential covariates (i.e., clinical characteristics, exercise time of day and BEBG).

2. Methods
==========

2.1. Study design and procedure
-------------------------------

A prospective longitudinal design using purposive sampling was conducted. All eligible Taiwanese participants with T2DM at a medical center were invited to enroll in the exercise-training program that included 3 sessions per week, 30 minutes per session for 12 weeks (total 36 sessions). Each participant\'s exercise sessions were equally randomized into 3 times of day (morning/08:00--10:00, afternoon/14:00--16:00, evening/18:00--20:00) using permuted-block randomization. Capillary blood glucose samples were obtained before and after each 30-minute moderate-intensity exercise session. The EIGR, described as the difference between pre-exercise (BEBG), and post-exercise (PEBG) blood glucose values, was calculated.

2.2. Participants and setting
-----------------------------

Patients with T2DM being seen at an outpatient clinic in a northern Taiwan medical center were recruited by an endocrinology/metabolism physician to enroll in an exercise study. Patients, 40 to 60 years of age, diagnosed as having T2DM based on the criterion of the American Diabetes Association,^\[[@R22]\]^ and being treated with only oral antidiabetic medications were eligible to enroll. Other inclusion criteria were

1.  able to speak and understand Mandarin;

2.  able to walk without assistance;

3.  had no regular exercise habits; and

4.  agreed to join in a 12-week moderate-intensity exercise training after passing a graded exercise test (GXT) described below.

Exclusion criteria included insulin therapy, a history of cancer, end-stage renal disease with dialysis, an inability to participate in exercise training due to comorbid neurological and musculoskeletal conditions, severe comorbidity or complications, such as heart failure, autonomic neuropathy, and recent stroke within 6 months.

Initially 66 T2DM patients were invited to participate. Thirty-nine declined to participate due to lack of time, and 3 were excluded. Of those excluded participants, 1 did not meet the criteria of T2DM and 2 had moderate physical disability. Of the remaining 24 participants, who were invited to receive GXT, 2 had evidence of autonomic neuropathy (e.g., no elevation in blood pressure and heart rate regardless of exercise intensity during GXT) and 2 dropped out after the exercise test (Fig. [1](#F1){ref-type="fig"}). Twenty-two passed the GXT based on the guidelines of the American College of Sports Medicine (ACSM) for exercise testing.^\[[@R6]\]^ A second research nurse measured the baseline characteristics (e.g., self-reported demographics and lifestyle patterns, blood analyses, and anthropometric measures) of the participants. Participants were then invited to perform 36 exercise sessions (3 sessions/week for 12 weeks), which were randomly assigned to morning, afternoon, or evening using permuted-block randomization. Two participants dropped out after exercise test.

![Flowchart of recruiting participants and analysis.](medi-98-e16860-g001){#F1}

2.3. Graded exercise test
-------------------------

The GXT was performed using a motorized treadmill (Trackmaster 400, JAS Fitness System, USA) for identification of maximum oxygen uptake (VO~2max~), maximum heart rate (HR~max~), and the risk for potentially life-threatening cardiovascular disease (e.g., myocardial infarction).^\[[@R6]\]^ VO~2max~, the maximum rate of oxygen consumption, is measured during incremental exercise testing. Participants' ventilation, oxygen and carbon dioxide concentration in both inhaled and exhaled air were analyzed to detect arterial-venous oxygen differences (oxygen consumption). Each participant\'s VO~2max~, calculated by the maximal amount of blood the heart pumps per minute (cardiac output) and the amount of oxygen utilization, was determined when oxygen consumption remained at a steady state despite an increase in intensity.^\[[@R6]\]^ Simultaneously, the HR~max~ was determined when participants' heart rate stayed constant, despite the intensity of exercise increasing. GXT procedures followed a modified Balke protocol.^\[[@R23]\]^ Female participants were invited to receive GXT at their available time except during menstruation. Two observers (a medical/rehabilitation doctor and a research nurse) were involved with each participant throughout the GXT. The GXT was immediately stopped if the participants complained of exhaustion; reached maximum heart rate or VO~2max~; had a respiratory exchange ratio \>1.15; developed symptoms, such as chest pain, dyspnea, pallor, diaphoresis, or dizziness; had systolic pressure \>250 mm Hg or diastolic pressure \>120 mm Hg; had a decrease in systolic pressure of \>10 mm Hg compared to the systolic pressure at rest; or requested stopping the test.^\[[@R6]\]^

2.4. Training protocol
----------------------

The training protocol followed the "FITT" principle according to ACSM\'s Guidelines including Frequency, Intensity, Time, and Type.^\[[@R6]\]^

1.  Frequency: all participants received supervised exercise training three times per week on alternate days for 12 weeks at the medical center.

2.  Intensity: the intensity of exercise training (target heart rate) was set at 70% heart rate reserve (Karvonen method = resting heart rate (HR~rest~) + 70% \[HR~max~--HR~rest~\], equals to 70% VO~2max~) obtained from the GXT. Appropriate speed and grade were used to achieve the target heart rate being monitored by the heart rate monitor (Polar S510, Electro Oy, Finland) and to accurately control the required exercise intensity.^\[[@R6]\]^

3.  Time: according to the ACSM\'s Guidelines,^\[[@R6]\]^ healthy adults should do at least 150 minutes of moderate-intensity aerobic activity per week, and these recommendations can be adjusted for each individual based on their exercise capacity and specific health risks. Therefore, the duration of each training session in our study included warm-up phase (5--10 minutes), endurance phase (30 minutes), and cool-down phase (5--10 minutes). The training took place 1 to 2 hours after a meal and.

4.  Type: treadmills (928ME2C, Takasuma, Japan) were used for the aerobic exercise training. All participants followed this training protocol and maintained their usual lifestyles.

2.5. Measures of blood glucose response
---------------------------------------

The research nurse performed capillary blood glucose testing before and after each exercise session. The 12-week exercise training time, corresponding to a total 36 sessions of exercise, was used as a continuous variable for evaluating the trend of blood glucose response, including the patterns of PEBG and EIGR. Moreover, we appraised the blood glucose response according to the different exercise times of day (i.e., morning/08:00--10:00, afternoon/14:00--16:00, and evening/18:00--20:00).

A reliable and well-valid one-touch glucometer (FreeStyle Blood Glucose Monitoring System, TheraSense, USA), which has been previously reported,^\[[@R24]\]^ was used to measure capillary blood glucose. Prior to the study start, a glucose analyzer (YSI model 1500 glucose analyzer, Yellow Springs Instrument Company Inc., USA) validated the one-touch glucometer. Values from the glucometer and glucose analyzer were highly correlated (*r* = .89, *P* \< .001).

2.6. Ethical consideration
--------------------------

Institutional review board approval (Reference number: 097--05--157) was obtained from the local medical center in Taiwan. This trial has been registered on the "ClinicalTrials.gov" (NCT03335930). All participants gave written informed consent when invited to join the study.

2.7. Statistical analysis
-------------------------

Statistical analyses were performed by SPSS version 16.0 (SPSS Inc., Chicago, IL). Descriptive data are presented as mean/standard deviation (SD) and numbers/percentage (%). Before evaluating the trend in blood glucose response during the 12-week/36-session exercise-training program, 2 variables including "training month (1st, 2nd, and 3rd month of the training)" and "timing of exercise sessions (1st to 36th session of exercise)" were coded. With generalized estimating equations (GEE),^\[[@R25]\]^ we examined the change patterns of BEBG, PEBG, and EIGR over time during the training program. The trend analysis of for these three variables were adjusted for covariates (i.e., age, gender, baseline body mass index, VO~2max~, HgbA1c, antidiabetic medication (Metformin, Sulfonylureas, Repaglinide), duration of diagnosed diabetes, and exercise time of day (morning, afternoon, or evening). When evaluating the predictors of EIGR and PEBG, univariate analysis was applied first and, following the multivariate analysis, incorporated with those significant covariates from univariable analysis. All statistical analyses were 2-tailed and considered significant at *P* \< .05.

3. Results
==========

3.1. Baseline characteristics of participants
---------------------------------------------

Twenty participants completed 100% of the exercise training sessions and data collection. There were no demographic differences (age, gender) between those initially approached and those completed the study. Table [1](#T1){ref-type="table"} presents the demographics, medication, and baseline physical characteristics including body weight, body mass index (BMI), waist-hip ratio, HgbA1c level, and VO~2max~. The 20 randomized participants, mean age 48.5 years (range: 40--55 years), had been diagnosed with T2DM for 5.3 years. Men composed more than half (65%) of the sample. All of the participants were treated with at least 1 type of oral antidiabetic medication and 60% (n = 12) were treated with two types of oral antidiabetic medications. Most of the participants received Metformin (n = 12, 60%), Sulfonylureas (n = 9, 45%), or Repaglinide (n = 5, 25%), and had a mean HgbA1c of 9.0 (Table [1](#T1){ref-type="table"}).

###### 

Demographic, medication, and baseline physical characteristics of participants.
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3.2. Blood glucose value before and after each exercise session
---------------------------------------------------------------

Compared to morning exercise there was a small albeit significant (*P* = .004) increase in EIGR after exercise in the afternoon (Table [2](#T2){ref-type="table"}). There were no differences in the BEBG and PEBG between the 3 different exercise times of day (morning, afternoon, and evening). The BEBG at both the 2nd and 3rd training months was significantly lower (*P* = .001; *P* \< .001) than the 1st training month; similarly, the PEBG and EIGR at both the 2nd and 3rd training months were significantly lower (*P* \< .05) than those at the 1st training month. Comparisons of blood glucose response (BEBG, PEBG, EIGR) to exercise training between those with and without treatment of antidiabetic medicine (Metformin, Sulfonylureas, Repaglinide) are presented as Table [2](#T2){ref-type="table"}.

###### 

Analysis of blood glucose response during a 12-week/36-session moderate-intensity exercise training and comparisons of blood glucose response between those with and without antidiabetic medicine treatment.
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The changes in blood glucose response over time during a 3-month moderate-intensity exercise training are shown in Figure [2](#F2){ref-type="fig"} and Table [3](#T3){ref-type="table"}. In univariable analysis (Table [3](#T3){ref-type="table"}), BEBG, PEBG, and EIGR significantly declined (β = −1.76, *P* \< .001; β = **−** 1.10, *P* \< .001; β = −0.59, *P* \< .001) over time as the number of exercise session increased. In multivariable analysis, the participants' BEBG declined as exercise session number increased (β = −1.69, *P* \< .001); while the PEBG (β = −0.18, *P* = .08) and EIGR (β = **−**0.18, *P* = .08) were stable after adjusting for age, gender, BMI, VO~2max~, baseline HgbA1c, antidiabetic medication, and BEBG, and timing of exercise sessions (1st --36th).

![Trends of blood glucose response in different times of day (morning, afternoon, evening) during a 3-month/ 36-session moderate-intensity exercise training. BEBG = before-exercise blood glucose, EIGR = exercise-induced blood glucose response, determined by subtracting PEBG from BEBG, PEBG = post-exercise blood glucose.](medi-98-e16860-g004){#F2}

###### 

Trend analysis of blood glucose response during a 12-week/36-session moderate-intensity exercise training.
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3.3. Predictors of exercise-induced blood glucose response
----------------------------------------------------------

Tables [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"} show predictors of PEBG and EIGR using univariable and multivariable analysis in GEE models. In univariable analysis, some factors (gender, VO~2max~, baseline HgbA1c, antidiabetic medication, BEBG, exercise time of day, and timing of exercise sessions) predicted exercise-induced blood glucose response (Table [5](#T5){ref-type="table"}). Independent of the significant variables from univariable analysis, higher BEBG (β = 0.53, *P* \< .001) contributed to higher PEBG (Table [4](#T4){ref-type="table"}). After controlling for the significant covariates from univariable analysis, higher VO~2max~ contributed to a larger magnitude of EIGR; higher HgbA1c and BEBG predicted greater EIGR (β = 0.27, *P* = .02; β = 0.45, *P* \< .001); afternoon exercise (β = −13.2, *P* = .04) or evening exercise (β = −5.96, *P* = .005) significantly predicted lower EIGR as compared to morning exercise (Table [5](#T5){ref-type="table"}).

###### 

Predictors of post-exercise blood glucose during a 12-week/36-session moderate-intensity exercise training.
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###### 

Predictors of exercise-induced blood glucose response during a 12-week/36-session moderate-intensity exercise training.
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4. Discussion
=============

A major non-pharmacological treatment strategy in management of T2DM is moderate-intensity exercise training. Our 12-week moderate exercise program was found to be feasible and to progressively reduce blood glucose levels. In this study, we attribute blood glucose finding to improved metabolic control of participants produced by the exercise intervention. Our results suggest that a 12-week moderate-intensity exercise training is feasible and safe for T2DM patients. Time of exercise (i.e., morning, afternoon, or evening) also predicted exercise-induced blood glucose levels. Together these preliminary findings provide information for the design of future optimal exercise training for persons with T2DM.

Our results, albeit in a small sample, adds evidence to support that a moderate-intensity exercise is safe for T2DM patients.^\[[@R7],[@R26]\]^ No participant experienced an exercise-induced hypoglycemia episode after exercise. Thus, these preliminary findings call into question the notion that moderate to strenuous exercise in persons with T2DM will result in hypoglycemic events either during or after exercise.^\[[@R26]\]^ We conjecture that performing a moderate-intensity exercise at 1 to 2 hours post-meal for those receiving only oral antidiabetic medication treatment may be safe and beneficial but requires validation in a larger randomized controlled trial. Given that the sample size of this study was small, we applied G∗Power analysis (version 3.1) to conduct Post hoc analysis (Repeated measures, within factors) with an alpha set at 0.05, sample size of 20, number of group: 1, number of measurements: 36, and a median effect size of 0.25, resulting in a power of 0.99. In addition, the power calculation using SPSS version 16.0 (General linear model, repeated measures) for BEBG, PEBG, and EIGR were 1.0, 1.0 and 0.99, respectively. Therefore, our findings remain valuable for considerations of designing exercise training among patients with T2DM in clinical settings.

All participants after controlling for potential confounders (age, gender, BMI, VO~2max~, HgbA1c, antidiabetic medication, duration of diagnosed diabetes, BEBG level, and exercise time of day) had stable post-exercise glucose levels and exercise-induced glucose response during the 12 weeks study period. We coded the 1st to 36th exercise training sessions as a continuous variable (timing of exercise sessions), to investigate the patterns of blood glucose over time and found that as the number of exercise session increased, the BEBG decreased after adjusting for all potential confounders measured. However, as the number of exercise sessions increased, the PEBG did not decrease and the EIGR did not change. Our results are consistent with the findings of Liubaoerjijin et al^\[[@R19]\]^ who found moderate-high intensity exercise produced improvements in metabolic control. We add new information to support the use of moderate-intensity exercise in T2DM management. Our findings based on a permuted block randomization design also suggest that it can be safely performed at different times of day (morning, afternoon, or evening) for 12 weeks.

Antidiabetic medications work through several mechanisms. Metformin use predicted a higher PEBG level than those not receiving metformin, but did not predict EIGR. This is consistent with Boule et al, who found that the effect of metformin on glycemic reduction can be attenuated by exercise.^\[[@R27]\]^ Although Sulfonylureas and Repaglinide have the potential to increase the risk of hypoglycemic episodes during exercise^\[[@R9]\]^ and we found that patients treated with Sulfonylureas or Repaglinide had greater EIGR than those without. None of our participated patients suffered from hypoglycemic episodes during exercise. Given that antidiabetic medication can influence the blood glucose response (Metformin and Repaglinide predicted higher PEBG; Sulfonylureas and Repaglinide predicted greater EIGR), none of them had significant effects on PEBG or EIGR after adjustment for significant covariates. Our findings supported Hallsten\'s research that noted there was no synergic effect with insulin-like medication on glucose reduction during exercise in T2DM patients.^\[[@R28]\]^ Future more studies could focus on examining the effects of antidiabetic medications on PEBG levels and EIGR to elucidate the interaction of moderate-intensity exercise and anti-diabetic medicine use in patients with T2DM.

A higher baseline HgbA1c or BEBG level also contributes to a greater magnitude exercise-induced blood glucose decline. A similar response in EIGR found in a study by Nguyen.^\[[@R29]\]^ Combined these results highlight that not only does energy expenditure during exercise initially increases the utilization of glucose^\[[@R7],[@R9]\]^ but also that a protective mechanism of glucose homeostasis exerts itself even though exercise results in reduction of blood glucose through increased glucose utilization.^\[[@R26]\]^ This may explain why patients with higher plasma glucose or higher HgbA1c have a larger magnitude of EIGR.

A strong link exists between circadian rhythms and energy/glucose metabolism^\[[@R21],[@R30]\]^; however, the fundamental mechanisms remain unclear. Our study showed that the EIGR in the afternoon or evening was significantly lower than in the morning independent of gender, VO~2max~, HgbA1c, antidiabetic medication, duration of diagnosed diabetes, and timing of exercise sessions. Similar to a study of type 1 diabetic patients,^\[[@R31]\]^ our results suggest that performing exercise training in the morning may result in improved metabolic control when compared to exercise in afternoon or evening. This might be possibly associated with diet patterns at different times of day or the circadian rhythm of insulin and cortisol.^\[[@R32]\]^ As the number of exercise session increased, the PEBG and EIGR did not significantly decrease. This suggests that the blood glucose response to moderate-intensity exercise reaches a threshold as exercise training time increases. A larger randomized trial is needed to validate both of these findings in T2DM patients.

Various factors including gender, VO~2max~, antidiabetic medication (use of sulfonylureas and Repaglinide), baseline metabolic control (HgbA1c and BEBG), and exercise time of day can influence participants' blood glucose response to exercise in our univariable analysis. This explained why we found it necessary to control for these factors when examining the patterns and predictors of blood glucose response.

Our study results conducted a small sample size and only Taiwanese participants may not be generalizable to other racial or regional groups. Thus, the findings should be interpreted with caution. Future more rigorous studies with a larger sample size are recommended. Particularly, a fixed number of participants on each time of day are suggested to be included in future studies to reduce the bias regarding the participants' chronotype. In addition, we only advised participants to control the mealtime before exercise. Diet including before exercise influence EIGR.^\[[@R33]\]^ Further studies could standardize or include measures of diet patterns, for example, food frequency, nutrient composition, and meal timing. Despite these limitations, there are several strengths including the random allocation design for comparing the blood glucose response between different exercise times of day, the provision of individual and supervised exercise training with pre- and post-exercise blood glucose testing in a medical center, the high rate of study completion (100%) by the participants, and a statistical observed power of 0.9 to 1.0. Future studies could focus on both blood glucose and biomarkers that might elucidate how moderate-intensity exercise causes the blood glucose changes in this population.

5. Conclusion
=============

A 12-week moderate-intensity exercise training is safe and improves metabolic control over time for patients with T2DM. A higher BEBG level or poor metabolic control leads to a larger magnitude of blood glucose reduction through a moderate-intensity exercise program among patients with T2DM, given that relatively higher PEBG was also found. Exercise in the morning resulted in a larger magnitude of blood glucose reduction than did afternoon or evening exercise among T2DM patients without changing medication regimens. Whether this is due the influence of circadian rhythms is unknown. This provides consideration for future optimal exercise-training design for patients with T2DM.
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